The determination of the parton distribution functions (PDFs) is crucial for a complete understanding of the protons and neutrons that make most of the visible matter in the universe. Years of dedicated studies have yielded a quite precise knowledge of the behavior of partons moving collinearly within a proton. However Deep Inelastic Scattering (DIS) experiments off nuclei have shown a non-trivial difference with respect to DIS in protons, hinting that the partons in a nuclear medium do not behave the same way as in a free proton. In this work we will discuss the latest results in nuclear parton distribution functions (nPDFs) and how data from planned future experiments can help broaden our understanding of the nPDFs.
Introduction
The accurate description of the partonic behaviour is a fundamental piece for understanding the world around us. The simplest picture of the proton is given by the collinear factorised PDFs, where the initial state is described as a collection of partons, each carrying a fraction x of the momentum of the proton. How many partons can be seen also depends on some characteristic scale of the process (usually called Q 2 ), typically required to be above a few GeV 2 in order for the theory to lie in the perturbative domain. Decades of theoretical and experimental efforts have provided a very sophisticated description of the PDFs in the free proton [1, 2, 3, 4] .
However the same can not be said about the nPDFs. DIS experiments off nuclei in the early 80's have shown that the nuclear medium affects non trivially the known proton PDFs [5] . Four options open then: a) the fundamental interactions are the same but the PDFs have to be different, b) the fundamental interactions are different in the medium and the partonic cross-section have to be recomputed while the PDFs remain the same, c) both, and d) the factorisation picture is no longer valid. While in principle all these scenarios are equally possible, the simplest and most popular option is a). That is, assuming that one can still write the observables in a factorised form, and then extracting the nPDF from global fits to the world data. Of course there is no warranty of this being the right option, but almost 20 years of intense work has provided no evidence against this approach. On the contrary, nPDFs are determined each year with higher and higher accuracy and using more refined techniques as new data are published [6, 7, 8] .
Moreover nPDFs are not only important on their own right. On the one hand nuclear experiments are relevant for the determination of the free proton PDFs, as neutral current (NC) DIS off deuteron and charged current (CC) DIS of iron (F e) and lead (P b) are used for the flavour separation of the partonic species. On the other hand they are key for understanding the background for new phenomena in heavyion collisions. It is therefore not surprising then that current and future experiments include nuclear studies in their programs. This document is organised as follows: in the Sec.2 main points of the latest nPDF analysis are presented, and Sec. 3 discuss some of the improvements that can be achieved for the nPDFs in future experiments. Finally Sec. 4 summarises the current status of nPDFs.
EPPS16
The determination of the nPDFs is done by the same procedure as those for the free proton, i.e. by performing a global fit to the world data, but in this case the parametrizations include some A dependence. Several sets have been extracted in the last two decades with different parametrizations and using diverse strategies, giving all of them adequate descriptions of the data. However, despite all the effort put in their determination, the nPDFs are not well constrained, particularly in the low x region, due to experiments not spanning a broad enough region of the kinematic space. DIS experiments off nuclei are typically limited to the x > 10 −2 and Q 2 < 100 GeV 2 region shown by dots and squares in Fig. 1 . This is at least two decades less Here there are not included the areas from electroweak bosons and di-jets measured at the LHC in p + P b collisions, which can be found in [6] . Plot taken from [9] . in x and almost three orders of magnitude less in Q 2 than the HERA collider. Any prediction beyond this region comes from an extrapolation tightly linked to the initial functional form and therefore conclusions must be extracted carefully.
The latest global analysis published is EPPS16 [6] , which includes data from NC and CC DIS with fixed targets, Drell-Yan processes, pion production at RHIC and, for the first time, data measured at the LHC in p + P b. While the latter help broaden the kinematic space, they are not decisive in the full fit, the bulk of the data coming from NC and CC. A very important result is the fact that including the CC data seems to introduce no extra tension, as already noticed in [10] , which supports the idea that nuclear effects are universal * . This allowed the authors to attempt a full separation of the nuclear effects for each partonic species. The functional forms for the ratio between the nuclear and the proton PDFs at the initial scale Q 0 = 1.3 GeV are given by
(1) with one R for each valence and sea quark, and one for the gluon. Imposing charge and momentum conservation, and merging some parameters due to lack of sensitivity of the data, the study increased the number of parameters from 15 in their previous analysis [11] to 20. This has an impact on the theoretical uncertainty bands, making them more broad than in [11] as a consequence of the data not having enough constraining power.
Future experiments
It is clear that precise results covering a wider region of the kinematic space are needed in order to improve our understanding of the nPDFs. In this section we will briefly discuss some of the proposed future experiments. While these have broad physics programs, in the following we will touch only upon some of the measurements directly concerning the nuclear gluon density. All impact studies shown here are based on pseudo data generated under specific assumptions and, in consequence, the results must be interpreted keeping them in mind.
The Electron-Ion Collider
The Electron-Ion Collider (EIC) is a proposed facility to be built in the EE.UU., colliding both polarized and unpolarized electrons and protons/nuclei to investigate with great precision their inner structure [12] . While the final parameters of the accelerator are yet to be decided, the expected kinematic coverage is given by the light orange and shaded bands in Fig. 1 .
As the core of a PDF analysis consist of cross-sections (σ), the first proposed observable is using the DIS inclusive reduced σ (σ r ) † . Furthermore one could explore the heavy-quarks associated σ hh r , in particular the one for the charm quark which can be measured by tagging kaons in the final state. The full study of the impact for these pseudo data was presented in [9] , here we will highlight the results. The analysis consisted on including pseudo data for σ r and σ cc r into EPPS16* ‡ and exploring how much and why the fitted parameters were modified. The result for a centre of mass † The reduced cross-section is σ divided by the Mott cross-section.
‡ A re-fit of EPPS16 with the same data in it, but allowing for a more flexible functional form for the low-x gluon. For details about the parameterization and the fit results see [9] . energy (c.m.e.) range from 31.6 to 89.4 GeV is shown in Fig. 2 . There we plot the ratios of P b to proton gluon densities as a function of x for Q 2 = 10 GeV 2 . The grey band represents the theoretical uncertainty of EPPS16* and the orange band corresponds to repeating the fit that incorporates the inclusive pseudo data. As can be seen in the lower panel, the reduction factor for the gluon uncertainty amounts to almost a factor 4 in the low x region. The blue dashed band is the result of adding also into the fit σ cc r . This has negligible impact at low x, but an incredible relevance for the high-x region, where the reduction factor can be as high as 8, due to the cc pair being radiated by a high-x gluon. A similar but less pronounce effect was observed Figure 2: Ratio of the nuclear gluon w.r.t. the free proton gluon at Q 2 = 10 GeV 2 . The grey band corresponds to EPPS16*, the orange band to EPPS16* including inclusive EIC pseudo data, and the blue band to the inclusive plus charm pseudo data included in EPPS16*. Plot taken from [13] .
when reducing the highest c.m.e.
Other observables that have been proposed to constrain the gluon at the EIC are jets and di-jets [14, 15] . For the former, the gluon initiated processes give more than 60% of the total σ for x < 10 −3 and are expected to improve the precision of the gluon density by a factor up to 5, while for the latter the gluon contribution to σ amounts from 30 to 70% for of the total cross-section for x > 0.1.
The LHeC and AFTER@LHC
The Large Hadron electron Collider (LHeC) is a proposal to incorporate an electron beam in the LHC tunnel [16] . The project presents some similarities with the EIC, but due to its much higher c.m.e. and the impossibility to polarise the proton/nucleus beam, the corresponding physics programs present little overlap, enough to crosscheck some results but not so that their simultaneous existence could be redundant. Detailed studies on future DIS experiments at the LHeC have been performed, with conclusions similar to the ones shown above for the EIC. For details we refer the reader to [17] .
The project "A Fixed-Target Programme at the LHC" (AFTER@LHC) proposes to use the LHC beams with fixed targets in order to study the high-x region. With a forward coverage, easily exchangeable target, hight luminosity and the possibility of polarising the target, it aims to profit from the high energy beams to complement current and future studies, closing gaps in the explored kinematic space. For detailed impact studies on the possibilities offered by AFTER@LHC, see [18] .
Summary
The PDFs are a key piece in the description of initial state that lie at the foundation of the Standard Model and are the object of in depth studies. In recent years the interest in the medium modification of the initial state has increased in the QCD community, due to their tight link to the PDFs: one can not fully determine the PDFs without nPDFs, and viceversa. Nowadays several nPDFs sets, periodically updated, are available, all providing adequate descriptions of the data. However the degree of precision in the nuclear case is not comparable to the one found in the proton PDFs, a consequence of the lack of precise data and the limited coverage of the kinematic space.
The present status can be drastically changed by using data from past, current and future experiments. In the latter case detailed studies are undergoing in order to provide not only a one dimensional picture of the nucleons, but to fully characterise all aspects of the partonic behaviour.
